The development of dialysis was a dramatic step forward in medicine, allowing people who would soon have died because of lack of kidney function to remain alive for years. We have since found, however, that the "artificial kidney" does not live up fully to its name. Dialysis keeps patients alive but not well. Part of the residual illness that dialysis patients experience is caused by retained waste solutes that dialysis does not remove as well as native kidney function does. New means are available to identify these toxic solutes, about which we currently know remarkably little, and knowledge of these solutes would help us to improve therapy. This review summarizes our current knowledge of toxic solutes and highlights methods being explored to identify additional toxic solutes and to enhance the clearance of these solutes to improve patient outcomes.
Uremia today is different from the fatal illness described by Addis 1 and Schreiner and Maher. 2 Two million people worldwide who would have died a uremic death are today being kept alive by dialysis. But these people suffer a new illness, which Depner 3 has aptly named the residual syndrome. This new illness comprises the ill effects of retained organic waste solutes along with the complications of treatment and continued inorganic ion disturbances. In many patients, the residual syndrome is combined with the effects of advancing age and systemic diseases responsible for kidney failure.
We tend now to restrict the label "uremia" to that part of the residual syndrome caused by retained waste solutes. This usage is in keeping with the word's etymology, from the Greek ouron (urine) and haima (blood). But beyond saying that people get sick when things that belong in the urine accumulate in the blood, we know remarkably little. Despite a recent renewal of interest in uremic toxicity, as chronicled by Duranton et al. 4 we cannot yet name with confidence any single solute or group of solutes that contribute importantly to uremic illness.
Not knowing which uremic solutes are toxic limits our ability to improve therapy. The contribution of retained solutes to the illness experienced by dialysis patients is difficult to dissect, but we believe it is large. We know that if dialysis is withheld, accumulation of waste solutes will cause confusion, coma, and then death. We believe that this would happen even if the extracellular volume and inorganic ion concentrations were kept normal, if erythropoietin and 1,25-hydroxycholecalciferol were replaced, and if patients were protected from all other insults. We start dialysis when the eGFR has declined to between 5 and 10 ml/min per 1.73 m 2 and symptoms have advanced to the point at which treatment is expected to effect some improvement. Patients avoid death by undergoing a burdensome treatment that prolongs their uremic illness-in effect maintaining them in a state of severe renal insufficiency. We could do better if we identified toxic solutes and lowered their levels. The benefit afforded by renal transplantation provides the strongest evidence that reduction in solute levels would benefit patients. Successful transplantation, which can restore solute clearances to more than half normal, improves overall quality of life and enhances specific functions, including sleep, cognition, exercise capacity, and growth in children. [5] [6] [7] [8] [9] 
THE MULTIPLICITY OF UREMIC SOLUTES
The identification of solutes that cause illness has been made difficult by the multiplicity of uremic solutes. The most comprehensive reviews, prepared by the European Uremic Toxin Work Group investigators, include 132 compounds. 4, 10 Advances in chromatography and mass spectrometry are rapidly increasing this number, and recent papers bring the total to more than 200. High-resolution mass spectrometry has revealed the accumulation of many compounds that do not appear in lists of known metabolites and are characterized only by molecular mass. [11] [12] [13] [14] [15] [16] With the inclusion of such compounds, the number of reported uremic solutes will soon rise above 500.
The identification of solutes that have ill effects has also been made difficult by the complexity of uremic illness. Some of the most common features of this illness are listed in Table 1 . It is important to emphasize that different solutes may have different ill effects. Solutes that contribute to accelerated vascular disease, for instance, may be different from those that impair mental or sexual function. And solutes that did not contribute significantly to the uremic illness when untreated renal failure led rapidly to death may have important ill effects in patients kept alive for years by dialysis.
OUR RELIANCE ON UREA
Faced with the complexity of uremia, we continue to assess the efficacy of treatment by measuring levels of urea. Urea is the solute excreted in largest quantity by the kidneys, and the blood urea level was in use to measure kidney function before dialysis was developed. It was thus natural to prescribe dialysis to maintain the blood urea below a specified level. The National Cooperative Dialysis Study, completed in 1981, was designed to identify the proper level. The initial analysis showed that the patients with time-averaged BUN levels of approximately 50 mg/dl fared better than those with time-averaged BUN levels of approximately 80 mg/dl. 17 A retrospective analysis by Gotch and Sargent, 18 however, showed that Kt/V urea predicted outcomes better than did the absolute urea level. Their result taught us that the time-averaged urea clearance should be maintained above a minimum level even when the blood urea level is low.
The development of Kt/V urea remains the major, evidence-based step forward in prescribing dialysis. In using Kt/V urea , we acknowledge that urea itself is not very toxic and that toxic solutes continue to be produced when urea production is low. But the development of Kt/V urea did not, as has sometimes been supposed, actually make it possible to measure the detoxification of patients without identifying the toxins. Use of Kt/V urea indeed encourages physicians prescribing dialysis to make several assumptions about uremic toxins that have not been verified and seem unlikely to be true. It suggests that important uremic toxins behave like urea, so that they are similarly affected by changes in the dialysis prescription. It further suggests that nonrenal clearance for these toxins is negligible and that they are produced at a stable rate that bears the same proportion to body water volume in all patients.
THE BEHAVIOR OF SOLUTES OTHER THAN UREA
Recent reports have made clear that treatment prescribed to remove urea is much less effective in controlling the levels of other solutes. Indeed, the use of urea as an index solute has had the unintended consequence of maximizing the apparent efficacy of treatment. Urea is cleared at a uniquely high rate by hemodialysis because it diffuses rapidly from both red cells and plasma. 19 In the native kidney, by contrast, urea undergoes tubular reabsorption and so is cleared less rapidly than many other solutes. As a result, conventional hemodialysis provides a time-averaged urea clearance that is about one fourth of that provided by the native kidneys. The efficacy of dialysis is reduced by intermittency, but predialysis blood urea values are still maintained within 5-10 times normal. The levels of many other small solutes remain much higher, with pretreatment levels of individual solutes remaining as high as 100 times normal. 4, [20] [21] [22] The elevation of solute levels is determined by the ratio of dialytic clearance to native kidney clearance and by the reduction in solute levels during intermittent treatment, as illustrated in Figure 1 . 16 Differences in solute behavior may have contributed to our failure to improve outcomes by increasing Kt/V urea . After Gotch and Sargent 18 showed that better outcomes were associated with a Kt/V urea $0.9, hopeful physicians gradually increased their patients' Kt/V urea values until the Hemodialysis (HEMO) study showed that an increase from 1.3 to 1.7 provided little or no benefit. 23 HEMO's increase in Kt/V urea was achieved largely by increases in blood flow and treatment time. The predicted effect, as confirmed by the study, was to reduce pretreatment urea levels by 15%-20%. But the same increase in Kt/V urea would be predicted to have different effects on solutes that are differently distributed in the body. In particular, as illustrated in Figure 2 , increasing Kt/V urea would be much less effective in reducing the concentrations of solutes that are efficiently cleared by dialysis but, unlike urea, are confined to the extracellular space.
The extent to which an increase in time-averaged dialytic clearance lowers solute levels can also be limited by the presence of nonrenal solute clearance. Although urea has been used as a representative small solute, it has long been recognized that large solutes behave differently because they diffuse less readily through dialysis membranes. The 232 design of HEMO therefore tested the effect of increasing the b 2 -microglobulin clearance from an average of 3.4-34 ml/min as well as the effect of increasing Kt/V urea . 23 Because b 2 -microglobulin has a nonrenal clearance of about 3 ml/min, and because its diffusion from the interstitium to the plasma during treatment is limited, this 10-fold increase in dialytic clearance reduced pretreatment b 2 -microglobulin levels by only 20%, as further shown in Figure  2 . 24, 25 There is also evidence for nonrenal clearance of other large solutes, and there may be nonrenal clearance of small solutes.
Finally, changes in solute production may affect the extent to which a change in time-averaged dialytic clearance will alter solute levels. Peritoneal dialysis provides much lower clearances of both large solutes and protein-bound solutes than modern hemodialysis. 26, 27 Yet levels of the bound solutes indoxyl sulfate and p-cresol sulfate are no higher in patients receiving peritoneal dialysis, suggesting that they are produced at lower rates in these patients. 27 We do not know of other changes in solute production in response to treatment. But we should point out that the production rates for uremic solutes have not often been described. In addition, the values we have are based largely on rates of removal in the dialysate and urine without assessment of nonrenal clearance or measurement of solute production by independent means.
MORE CAN BE KNOWN
The multiplicity of uremic solutes and the complexity of their response to treatment make the identification of toxic solutes difficult but not impossible. A logical first step is to compile a more thorough list of uremic solutes, continuing the work of the EUTOX investigators. 4, 10 Our current list comprises largely compounds that are present in high concentration and could be identified by classic analytic chemistry. Previously unidentified compounds, present in much lower concentration, may be recognized as more toxic. Several approaches could then guide us toward the identification of toxic compounds. One is to seek for solutes associated with poor outcomes. A second is to test whether benefit can be obtained by lowering the levels of particular groups of solutes. A third is further study of native kidney function with particular attention to solutes cleared by secretion. As described below, work is ongoing along all these lines but there is great opportunity for further effort.
FINDING SOLUTES ASSOCIATED WITH OUTCOMES
One means to identify potentially toxic compounds is to identify solutes associated with prominent uremic symptoms or other outcomes. Recent studies using this approach have identified associations between levels of p-cresol sulfate and indoxyl sulfate and cardiovascular disease. 28 The accumulated evidence is strongly suggestive but not conclusive. Studies performed to date have examined only one or two candidate solutes because of the limitations of assay methods. Stronger associations with other solutes may therefore have been missed. Developments in mass spectrometry have made it possible to assay numerous solutes simultaneously. 11, 29 The ability to assay numerous solutes has been accompanied by the development of statistical methods to relate individual solutes to clinical events. Studies combining untargeted mass spectrometry and high dimensional statistical analysis have The ratio of dialytic clearance to normal clearance is lower for other solutes, and their plasma levels therefore rise higher. This is particularly the case for solutes that are secreted by the native kidney, and levels of some of these solutes, including free, unbound indoxyl sulfate, remain .100-fold normal in patients receiving conventional treatment. Their high plasma levels are a predictable consequence of replacing the native kidney's secretory function by a treatment that clears solutes by diffusion. The figure is reproduced from Sirich et al., 16 which further describes the modeling procedure and measured values for solute levels.
achieved notable success in other areas of medicine. 30, 31 These "metabolomic" methods would seem particularly suited to the problem of uremia.
ASSESSING THE TOXICITY OF SOLUTE GROUPS
The contribution of various groups of solutes to uremic illness can be assessed by comparing the effects of different treatments. This approach was used by HEMO and by studies testing whether increasing the clearance of large solutes by ultrafiltration affords benefit. 23, [32] [33] [34] [35] A similar approach could be used to assess the toxicity of small solutes that bind to plasma proteins. The clearance of these solutes can be increased selectively by increasing the dialysate flow and dialyzer size. 36, 37 As is the case with large solutes, more work needs to be done to assess the extent to which increasing the dialytic removal of bound solutes will in fact reduce their plasma levels. Valuable information could be obtained by measuring the levels of representative solutes while prescriptions are changed in patients who embark on dialysis regimens incorporating increases in the frequency and duration of treatment. Valuable information might also be obtained from additional measurements in patients undergoing peritoneal dialysis. According to current guidelines, a much higher time-averaged urea clearance is required for adequacy in hemodialysis than in peritoneal dialysis. Comparison of nonurea solute levels in patients treated with the two modalities provide clues as to which solutes effect clinical well being. The ADEquacy of PD in MEXico (ADEMEX) study in peritoneal dialysis, like the HEMO study, found no benefit in increasing the time-averaged urea clearance. 38 Additional measurements could show that as with hemodialysis, increasing timeaveraged urea clearance does not effectively reduce the concentrations of all solutes.
Solute levels may be lowered by suppressing solute production as well as by increasing solute removal. A large number of uremic solutes are made by colon microbes. Because these solutes are made in an isolated compartment by processes foreign to mammalian metabolism, their production could prove easier to suppress than that of other solutes. [39] [40] [41] Pioneering studies have shown that the production of microbially derived solutes in hemodialysis patients can be suppressed by administration of an oral sorbent or by increasing the intake of dietary fiber. 42, 43 Further studies with such methods could reveal the extent to which microbiallyderived solutes contribute to uremic toxicity as a group. New knowledge of the colon microbiome and its metabolism would then potentially allow identification and manipulation of individual compounds.
HOW TO ASSESS BENEFIT
Recent studies have focused largely on whether improving solute removal can reduce mortality in dialysis patients. This emphasis is natural given the limited life expectancy of patients starting dialysis, particularly in the United States. But there are disadvantages to the use of death and other "hard" endpoints, such as cardiovascular events or hospitalizations. Figure 2 . The predicted effect of increases in time-averaged clearance on plasma levels of different types of solutes. In each panel, solute levels are normalized and the pretreatment level obtained with the lower time-averaged clearance is assigned a value of 100. The left panel depicts the effect of increasing Kt/V urea on levels of urea. The red line depicts levels obtained with a conventional dialysis prescription designed to achieve spKt/V urea of 1.4 during dialysis sessions lasting 3.5 hours. The blue line depicts the predicted effect on urea levels of increasing the urea clearance by 15% and the session length to 4 hours so that spKt/V urea is increased by close to 30%. This increase is similar in magnitude to that achieved in the "high dose" group of the HEMO study, and its effect is to reduce time-averaged urea levels by 15%-20%. The middle panel depicts the effect of the same two prescriptions on levels of a hypothetical small, unbound solute that is distributed only in the extracellular fluid. Because the clearance is high relative to the volume of distribution, the conventional prescription removes the solute almost completely. The increases in session length and clearance, which together provide a 30% higher "dose" of dialysis as measured by Kt/V urea , reduce the time-averaged solute concentration by ,10% (blue line). The right panel depicts the predicted effect on b 2 -microglobulin levels of increasing b 2 -microglobulin's dialytic clearance from 3.4 ml/min to 34 ml/min during dialysis sessions lasting 3.5 hours. This 10-fold increase was the difference between the "high flux" and "low flux" groups of the HEMO Study. The large increase in clearance resulted in a much smaller relative decrease in b 2 -microglobulin levels, due largely to the presence of nonrenal, nondialytic b 2 -microglobulin clearance, and average b 2 -microglobulin levels remained .20-fold normal. Adapted from reference 65 with added calculations based on reference 25; additional discussion of the kinetics of solutes other than urea is provided in references 16 and 65. Such events are usually the result of cumulative processes, to which the contribution of elevated solute levels during the study period may be relatively small. In particular, predialysis renal insufficiency and hypertension, comorbid conditions such as diabetes, and the hemodynamic effects of dialysis can all contribute to cardiovascular disease in dialysis patients. Studies designed to test the beneficial effect of reducing solute levels on mortality and hard cardiovascular endpoints must therefore be large and long. Concentrating on mortality may also cause us to miss opportunities for improving the quality of life. As pointed out by Bargman, 44 there is more to living than not dying. And the solutes that impair mental and sexual function may be different from those that contribute to vascular injury. Lowering the levels of these solutes could make dialysis patients feel better even if it does not greatly increase their average life expectancy.
One aspect of the quality of life in dialysis patients that may particularly deserve further study is mental function. Impaired mental function is perhaps the most prominent feature of untreated uremia. 2 Early workers hypothesized that uremic solutes acted as false neurotransmitters. It has more recently been appreciated that the kidney and bloodbrain barrier function as a two-stage pumping system that keeps the brain exquisitely clean. [45] [46] [47] [48] [49] Uremic solutes with structural similarities to brain waste compounds could impair the barrier's ability to clean the brain independent of any direct neuronal action.
Given that their unchecked accumulation will cause coma and death, it seems particularly remarkable that we have not identified the uremic solutes responsible for mental dysfunction. One reason, in addition to the multiplicity of uremic solutes, is that the residual defects present in dialysis patients are difficult to measure precisely. Early workers noted that even severely uremic patients could often successfully initiate mental tasks but could not persist in them. 2 Modern dialysis patients report lack of "energy," which is largely restored by successful transplantation. This defect may be missed by standard neuropsychological tests, particularly when tests are kept brief to limit the burden they impose on patients. One potential solution is to use longer tests. 50 Another is to use new tests of brain electrical and chemical activity, which may detect defects that are more subtle than those observed by electroencephalography in the early days of dialysis. 51 Measurement of the defects in mental function caused by uremia is also made difficult by the confounding effects of age, personal background, and other illnesses. 52, 53 The problem is analogous to the difficulty we face in distinguishing how much of the cardiovascular disease in dialysis patients is attributable to uremic solutes. In studying mental function, however, we have the advantage that the defects may be reversible, so that patients can be used as their own controls when different treatments are compared. A further approach, as employed by Blake and O'Meara, 54 is to study selected highfunctioning patients with few comorbidities in whom the effects of uremia may be more easily distinguished. Studies in animals maintained on dialysis should also be considered. Given the difficulty of evaluating different solute removal prescriptions in humans, such studies, while costly, could provide an efficient route to knowledge. Animal studies would also allow procedures that are difficult to perform in patients, such as assay of cerebrospinal fluid and electrical stimulation of the brain. In vitro studies provide a further means to test solute toxicity, but results may be difficult to extrapolate to the human condition.
In studying the effects of uremia on mental function, we must also consider how much function will be improved by the reductions in solute levels we are able to achieve. It is worth considering what would be the effect on mental function of reducing levels of a known neuroactive compound, such as ethanol. Reducing very high ethanol levels by half could restore orientation in a stuporous person, analogous to the effect of initiating dialysis in a severely uremic patient. But the effect of a further 10%-20% reduction in ethanol levels would be harder to detect. This would be particularly the case if we studied patients who had other impairments and reduced the level using a method that imposed a burden. The same problem is encountered in studying other features of uremic illness, and this may have contributed to the failure of HEMO and ADEMEX to identify benefit. 23, 38 As noted above, we can try to select patients without confounding conditions and use them as their own controls when studying reversible defects. Small studies using experimental methods designed to produce large reductions in solute levels may also yield more information than larger studies using conventional equipment. Demonstration that reducing solute levels was beneficial would spur adoption of an experimental method for widespread use.
Other outcomes to consider are features of uremic illness that can be evaluated by laboratory tests, as listed in Table 1 . We presume that these defects, like uremic symptoms, can be rapidly reversed. The appearance of oxidant stress in uremic patients has received particular attention. 55 Perhaps the strongest evidence of oxidant activity is an increase in the fraction of albumin, which has undergone oxidation at its free cysteine thiol group. Oxidized albumin is rapidly converted to the reduced form during hemodialysis, suggesting that normal processes of albumin reduction are impaired by the accumulation of uremic solutes. 56 Identification of solutes responsible for albumin oxidation or the other defects listed in Table 1 would be a major step forward. It would motivate development of methods to reduce the levels of these solutes and then test whether reducing their levels provides clinical benefit.
WHAT PHYSIOLOGY CAN TELL US
The study of native kidney function can provide clues to the identity of toxic solutes. Over the past 70 years, these clues have been largely neglected as physiologists paid more attention to salt and water balance than to waste solute disposal.
One potential clue to solute toxicity is tubular secretion. Tubular secretion allows the kidney to clear solutes at rates greatly exceeding the GFR. When combined with plasma protein binding, it allows solute clearances to exceed the renal plasma flow, as first recognized by Marshall 57 and recently confirmed. 16 Presumably, this process evolved to keep the levels of toxic solutes very low. Yet we cannot now name the secreted toxins. It is sometimes suggested that secretion evolved to eliminate xenobiotics. The similar size and function of the kidneys in herbivores and carnivores, however, argue against the importance of naturally occurring xenobiotics, which are derived largely from plants. 58, 59 We thus presume that important uremic toxins may be found among the set of compounds secreted by the renal tubules and derived from either mammalian metabolism or the colon microbiome. Molecular mechanisms of tubular secretion have been identified, and manipulation of these mechanisms provides a potential means to identify toxic solutes. 60, 61 One weakness in the hypothesis that toxic solutes are secreted must be mentioned. In patients receiving conventional hemodialysis, we would expect the plasma levels of such compounds to rise as residual function is lost, and cannot say that a corresponding exacerbation of uremic toxicity has been observed.
Another potential clue to solute toxicity is compensatory renal hypertrophy. When nephron number is reduced, remnant nephrons increase in size. 62, 63 The remnant kidney grows by about 80% following uninephrectomized mammals, and remnant nephrons can grow to three times their normal size following more severe reductions in nephron number. These increases in size are accompanied by increases in solute clearances. 64 It has long been supposed that increases in remnant kidney size and function are triggered by a circulating factor whose levels rise when its clearance is reduced by nephron loss. No such factor, however, has been identified. It is tempting to speculate that the unsolved problems of compensatory renal hypertrophy and uremic toxicity are closely linked, and that the unknown factor triggering kidney growth is a toxic solute normally cleared by the kidney.
CONCLUSION
We know remarkably little about the solutes that cause illness when the kidneys fail. While new scientific methods have led to rapid progress in other areas of renal medicine, uremic toxicity has received relatively little attention. Looking back, it appears that the success of dialysis in keeping people alive without kidneys may have slowed efforts to identify uremic toxins. But the residual illness we now recognize in dialysis patients should motivate new efforts to identify the compounds that make them sick.
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